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Recent evidence for anomalous CP violation in B-meson oscillations can be interpreted as resulting
from CPT violation. This yields the first sensitivity to CPT violation in the B0
s
system, with the
relevant coefficient for CPT violation constrained at the level of parts in 1012.
Experimental studies of spacetime symmetries involv-
ing the discrete transformations under charge conjuga-
tion C, parity inversion P, time reversal T, and their
products CP and CPT have played a major role in es-
tablishing the Standard Model (SM) of particle physics.
All these symmetries are known to be broken except
CPT, and their description in terms of the SM has
been in excellent agreement with laboratory experiments.
Among the most powerful tools available for investiga-
tions of these symmetries are the neutral-meson systems,
in which particles and antiparticles mix interferometri-
cally and thereby offer high sensitivity to deviations from
exact symmetry.
The D0 Collaboration has recently presented data sup-
porting an anomalous like-sign dimuon charge asymme-
try in B-meson mixing [1, 2], interpreting it as evi-
dence for CPT-invariant CP violation beyond the SM.
Here, we show that this anomalous asymmetry could also
arise from T-invariant CP violation in B0s -B
0
s mixing. A
CPT-violating effect in B-meson mixing was predicted
some time ago [3] as potentially arising from spontaneous
breaking of Lorentz symmetry in an underlying unified
theory [4], and the usual requirement of CPT-invariant
CP violation for baryogenesis [5] can be evaded in this
context [6]. The B0s -B
0
s system is of particular inter-
est for studies of CPT violation because several com-
plete particle-antiparticle oscillations occur within a me-
son lifetime [7]. As part of the analysis here, we show that
the anomalous like-sign dimuon charge asymmetry offers
sensitivity to CPT breaking, and we use this asymmetry
to obtain the first quantitative measure of CPT violation
in the B0s -B
0
s system.
An appropriate framework for investigating CPT vi-
olation in neutral mesons is effective field theory. In
this context, CPT violation is necessarily accompanied
by Lorentz violation [8]. We can therefore work here
within the comprehensive effective field theory describing
general Lorentz violation at attainable energies known as
the Standard-Model Extension (SME) [9]. Each CPT-
violating term in the SME Lagrange density is the prod-
uct of a CPT-violating operator and a controlling coef-
ficient. The SME contains both the SM and General
Relativity, so it serves as a realistic theory for analyz-
ing experimental data for signals of CPT violation. Sev-
eral SME-based searches for CPT violation with neutral-
meson oscillations [10–13] and numerous investigations
using a wide variety of other physical systems [14] have
been performed over the past decade.
The analysis of meson mixing in the SME context re-
veals the four neutral-meson systems K0-K0, D0-D0,
B0d-B
0
d, and B
0
s -B
0
s contain a total of 16 independent
observables for CPT violation [15]. The corresponding
16 combinations of SME coefficients are conventionally
denoted as (∆aK)µ, (∆a
D)µ, (∆a
Bd)µ, (∆a
Bs)µ. These
coefficients are known to be observable only in flavor-
changing experiments with neutral mesons or neutrinos
[16] and in gravitational experiments [17]. Several exper-
imental searches have yielded high sensitivities to certain
components of (∆aK)µ, (∆a
D)µ, and (∆a
Bd)µ [10–13].
In this work, we report the first sensitivity to the coef-
ficient (∆aBs)µ. We also outline a procedure that could
improve on this result using the full D0 dataset.
The D0 Collaboration measures the dimuon charge
asymmetry
Absl =
N++b −N
−−
b
N++b +N
−−
b
, (1)
where N++b and N
−−
b represent the number of events in
which two b hadrons decay semileptonically into two pos-
itive muons and two negative muons, respectively. One
measurement of this asymmetry is obtained by correcting
the raw like-sign dimuon sample for various backgrounds,
yielding [2]
Absl = −0.00736± 0.00266± 0.00305, (2)
where the first error is statistical and the second sys-
tematic. Combining in quadrature yields an effect at 1.8
standard deviations. The D0 Collaboration also studies
the inclusive ‘wrong-charge’ muon charge asymmetry absl
of semileptonic decays of b hadrons to muons with charge
opposite to that of the original b quark,
absl =
Γ(B → µ+X)− Γ(B → µ−X)
Γ(B → µ+X) + Γ(B → µ−X)
. (3)
This asymmetry is a measure of CPT-invariant CP viola-
tion and hence of T violation. Assuming CPT symmetry
holds and under other mild assumptions such as no di-
rect CP violation, it can be shown that Ab
sl
= ab
sl
[18],
which enables a second measurement of Absl. This second
measurement is consistent with no effect at 0.4 standard
deviations. The final D0 result for Absl is obtained by
combining the two measurements to minimize systematic
uncertainties. It reveals a signal 3.2 standard deviations
2away from the SM prediction for CPT-preserving T vio-
lation, which is [2, 19]
Absl(SM) = (−2.3
+0.5
−0.6)× 10
−4. (4)
For our present purposes, the second measurement using
the asymmetry (3) and the combined measurement both
turn out to be irrelevant, so only the first result (2) for
Ab
sl
is involved in the analysis that follows.
In this work, we allow for T-invariant CP violation in
B0s -B
0
s oscillations. A measure of this CPT violation is
given by the inclusive ‘right-charge’ muon charge asym-
metryAbCPT of semileptonic decays of b hadrons to muons
with the same charge as that of the original b quark,
AbCPT =
Γ(B → µ−X)− Γ(B → µ+X)
Γ(B → µ−X) + Γ(B → µ+X)
. (5)
In terms of this CPT asymmetry and the T asymmetry
(3), we find the dimuon charge asymmetry Ab
sl
of Eq. (1)
can be written in the nested form
Absl =
(
1 + ab
sl
1− ab
sl
−
1 +AbCPT
1−Ab
CPT
)
(
1 + absl
1− ab
sl
+
1 +AbCPT
1−Ab
CPT
) ≈ absl −AbCPT, (6)
where the last expression assumes small T and CPT vio-
lation at first order in the asymmetries. This expression
reveals that the dimuon charge asymmetry Ab
sl
is sensi-
tive to CPT violation as well as T violation. In what
follows, the result (6) is used to obtain the first quanti-
tative measure of CPT violation in the B0s -B
0
s system.
For definiteness, we assume the only source of T viola-
tion is the SM contribution absl(SM) = A
b
sl(SM) given by
Eq. (4). Combining with the D0 dimuon asymmetry (2)
yields the value
AbCPT = 0.00713± 0.00405, (7)
where the D0 statistical and systematic errors are com-
bined in quadrature. Our goal is to interpret this result
as a measure of CPT violation in B-meson mixing, and
in particular in the B0s -B
0
s system.
In general, oscillations of neutral mesons are governed
by a 2 × 2 effective hamiltonian Λ [20]. The CPT-
violating contributions to Λ are controlled by the dif-
ference ∆Λ = Λ11 − Λ22 of the diagonal terms of Λ,
while the off-diagonal terms govern T violation. The
size of CPT violation is unknown a priori. We adopt
here the wξ formalism for Λ [15], which is indepen-
dent of phase conventions and allows for CPT violation
of arbitrary size. In this formalism, CPT violation is
governed by a complex parameter ξ of any magnitude,
and ∆Λ = −(∆m + 1
2
i∆Γ)ξ. For the B0s -B
0
s system,
∆m ≡ ∆ms = mH −mL is the mass difference between
the heavy and light eigenstates, ∆Γ ≡ ∆Γs = ΓL−ΓH is
their width difference, and the parameter for CPT viola-
tion is denoted ξs. We also adopt the standard notation
xs = ∆ms/Γs, ys = ∆Γs/2Γs, 2Γs = ΓL + ΓH .
Since CPT violation comes with Lorentz violation [8],
the complex parameter ξ cannot be a scalar. Instead, it
must depend on the meson 4-momentum and is there-
fore a frame-dependent quantity. For example, the ro-
tation of the Earth relative to the constant vector ∆~a
typically generates a variation with sidereal time in ξ
[21]. The canonical frame used in studies of CPT and
Lorentz violation is the Sun-centered frame with coordi-
nates (T,X, Y, Z) [22]. In this frame, the CPT-violating
parameter ξ ≡ ξ(T, ~p,∆aµ) is a function of sidereal time
T , meson 4-momentum (E(~p), ~p), and the four constant
SME coefficients ∆aµ for CPT violation for the given
meson system. The explicit functional form of ξ can be
found using perturbation theory for the SME and is given
as Eq. (14) of Ref. [15]. Hermiticity of the Lagrange
density ensures the reality of ∆Λ, which for the B0s -B
0
s
system implies the condition ysRe ξs + xsIm ξs = 0.
For our present purposes, it suffices to average over
the sidereal time and the meson 4-momentum spectrum.
Since the particle distributions from b-hadron decay for
the Fermilab collider are symmetric in local detector po-
lar coordinates for D0, the dependence on spatial com-
ponents (∆aBs)J cancels through this procedure. We
obtain the averaged value
Im ξs =
ys
x2s + y
2
s
γ(∆aBs)T
Γs
, (8)
where γ ≃ 4.1 is the mean gamma boost factor for the
B0s mesons in the D0 experiment.
Given the result (8), we can extract a measurement of
(∆aBs)µ from the value (7) once an expression for A
b
CPT
is known in terms of Im ξs. To derive this relationship
for AbCPT, we note that
AbCPT =
R− −R+
R− +R+
, (9)
where R± represents the number of right-sign decays into
µ±X . As measured at D0, these quantities are a sum
over contributions from the B0d-B
0
d system, from the B
0
s -
B0s system, and from all other b hadrons. Labeling these
three sources as q = d, s, u and using an overbar to
identify quantities for the b quark, we can write [18]
R+ = fdTdΓ
sl
d + fsTsΓ
sl
s + fuTuΓ
sl
u ,
R− = fdT dΓ
sl
d + fsT sΓ
sl
s + fuTuΓ
sl
u , (10)
where we denote the production fractions as fq, the time-
integrated probabilities for B → B, B → B, or direct
decay of nonmixing states as Tq, and the semileptonic
decay rates as Γslq .
Taking for definiteness zero direct T and CPT viola-
tion in semileptonic decays, we have Γslq = Γ
sl
q . It is also a
reasonable approximation to take Γsld = Γ
sl
s = Γ
sl
u . Sym-
metric production implies fq = fq, while fu = 1−fd−fs.
The absence of mixing for q = u implies Tu = 1/Γu,
where Γu is the total decay rate for the nonmixing b
hadrons, which include the B± mesons and the b baryons.
3The time-dependent mixing and decay probabilities for
neutral B mesons in the wξ formalism are given explic-
itly as Eq. (19) of Ref. [15]. These can be integrated over
all time t to yield Td and Ts.
For simplicity, suppose the only source of CPT viola-
tion comes from B0s -B
0
s mixing. Then, integrating the
probability for B0d → B
0
d over all time t gives Td =
zd+/2Γd, while the integration for B
0
s → B
0
s yields
Ts =
1
2Γs
(zs+ + 2zs−xsIm ξs + zs−zs0(Im ξs)
2). (11)
In these equations, we define
zq± =
1
(1− y2q)
±
1
(1 + x2q)
, zq0 = (x
2
q + y
2
q)/y
2
q . (12)
Applying CPT gives the additional relations T d = Td
and T s = Ts(ξs → −ξs).
Collecting the results, we finally obtain the CPT asym-
metry
AbCPT =
2fszs−xsIm ξs
fdzd+ + fszs+ + 2fu + fszs−zs0(Im ξs)2
. (13)
We remark in passing that the form of this result
for AbCPT holds also in the unaveraged case, provided
Eq. (8) is replaced with the complete expression for
Im ξs(T, ~p, (∆a
Bs)µ) and the reasonable approximation is
made that the decays occur over times t negligible com-
pared to the sidereal variation with T .
To match the theoretical expression (13) to the result
(7) obtained from the D0 experiment, we adopt the values
xd = 0.774± 0.008, yd = 0, xs = 26.2± 0.5, ys = 0.046±
0.027, fd = 0.323± 0.037, and fs = 0.118± 0.015 [2, 23].
Inverting the expression (13) yields
Im ξs = (2.3± 1.7)× 10
−3. (14)
We can also extract the desired measurement of the SME
coefficient (∆aBs)T for CPT violation, which is
(∆aBs)T = (3.7± 3.8)× 10
−12 GeV, (15)
where Γs = (4.47 ± 0.08)× 10
−13 GeV [23]. This corre-
sponds to the bound
− 3.8× 10−12 < (∆aBs)T < 1.1× 10
−11 (16)
at the 95% confidence level.
The value (15) represents the first sensitivity to CPT
violation in the B0s -B
0
s system. The result (14) for Im ξs
is consistent with no effect at 1.4 standard deviations,
which is a reasonable result given the size of the sys-
tematic errors in the basic D0 asymmetry (2) and the
SM-corrected asymmetry (7). The fractional error on
the coefficient (∆aBs)T for CPT violation is greater, due
primarily to the comparatively large uncertainty in the
value of ys.
For the D0 study of CPT-invariant CP violation, the
signal of 3.2 standard deviations was obtained by reduc-
ing the systematics on Absl by combining the result (2)
with an independent measurement of as
sl
. We observe
here that a similar technique could be used in the present
context of CPT violation. The basic idea is to reduce the
systematics by combining the result (2) forAbsl with an in-
dependent measurement of CPT violation. The relevant
quantity for the latter measurement is the asymmetry
AbCPT for inclusive ‘right-charge’ muon semileptonic de-
cays defined in Eq. (5). The overall CPT reach including
the result (15) might be substantially sharpened via this
method. However, extracting the asymmetry AbCPT re-
quires access to the full D0 dataset and hence lies outside
our scope.
For a neutral meson containing valence quark q1 and
antiquark q2, the observable ∆aµ is given by ∆aµ ≈
rq1a
q1
µ − rq2a
q2
µ . The coefficients a
q1
µ , a
q2
µ appear in the
SME Lagrange density in terms of the form −aqµqγ
µq for
each quark q, while rq1 and rq2 are quantities of order
one arising from quark-binding and normalization effects
[3]. The value of ∆aµ is then primarily determined by
the heaviest valence quark. Note this implies that the
zero-sum rule
(∆aK)µ − (∆a
Bd)µ + (∆a
Bs)µ ≈ 0 (17)
holds to a good approximation.
For B0d-B
0
d mixing, the BaBar Collaboration has ob-
tained the measurement [13]
(∆aBd)T − 0.30(∆a
Bd)Z =
(−3.0± 2.4)× 10−15(∆md/∆Γd) GeV. (18)
The ratio ∆md/∆Γd ∼> 10.6 in this case [23], so this
measurement is compatible with the result (15) and the
zero-sum rule (17). For the D0-D0 system, the FOCUS
Collaboration has obtained the measurement [12]
(∆aD)T − 0.60(∆a
D)Z =
(1.8± 3.0)× 10−16(∆mD/∆ΓD) GeV. (19)
The ratio ∆mD/∆ΓD ≃ 0.6 is smaller here, yielding an
improved sensitivity [23], albeit to effects involving other
quark flavors and SME coefficients. Several results have
also been obtained for the K0-K0 system. By study-
ing different processes, the KLOE Collaboration has ob-
tained the independent measurements [11]
(∆aK)T = (0.4± 1.8)× 10
−17 GeV,
(∆aK)Z = (2.4± 9.7)× 10
−18 GeV. (20)
Using data from the Fermilab E773 experiment [24], a
constraint of
|(∆aK)T − 0.60(∆a
K)Z | ∼
< 5× 10−21 GeV (21)
has also been obtained [21]. These values are all compat-
ible with the result (15) and the zero-sum rule (17).
4More general analyses of the D0 data could in principle
be countenanced. Given sufficient statistics and a good
understanding of the spectrum, the spatial coefficients
(∆aBs)J for CPT violation could be measured and dis-
entangled by combining a search for sidereal variations
with spectral analysis. Sidereal sensitivities have already
been obtained by KTeV [10], KLOE [11], FOCUS [12],
and BaBar [13]. All the sidereal results are compatible
with the result (15).
Another option for future investigation is to allow for
nonzero contributions from Im ξd in the B
0
d-B
0
d system
simultaneously with ones from Im ξs. This requires a
nonzero value of yd. With both effects present, and aver-
aging over 4-momentum and sidereal time as before, the
asymmetry (13) acquires a term in the numerator propor-
tional to Im ξd, while the denominator contains an addi-
tional term proportional to (Im ξd)
2. This analysis would
therefore yield a constraint involving both (∆aBd)T and
(∆aBs)T , albeit with a large error due to the current
uncertainty in the value of yd. A global fit of this type
could also combine data from different experiments for
the B0d-B
0
d and B
0
s -B
0
s systems. Ideally, information from
K0-K0 experiments would be incorporated via Eq. (17)
to extend further the CPT reach.
Analyses along these lines are also well suited to
other ongoing experiments investigating neutral mesons.
Searches with high statistics and high boost, such as
those feasible at the LHCb experiment [25] with aver-
age boost factor γ ≃ 15-20, offer the capability to study
CPT violation in B mesons with sensitivities unattained
to date. The results presented here outline a potential
window for the exploration of physics beyond the SM
and can serve as an impetus for future studies of CPT
violation.
This work was supported in part by the Department
of Energy under grant DE-FG02-91ER40661 and by the
Indiana University Center for Spacetime Symmetries.
[1] D0 Collaboration, V.M. Abazov et al., Phys. Rev. Lett.
105, 081801 (2010).
[2] D0 Collaboration, V.M. Abazov et al., Phys. Rev. D 82,
032001 (2010).
[3] V.A. Kostelecky´ and R. Potting, Phys. Rev. D 51, 3923
(1995).
[4] V.A. Kostelecky´ and S. Samuel, Phys. Rev. D 39, 683
(1989); V.A. Kostelecky´ and R. Potting, Nucl. Phys. B
359, 545 (1991).
[5] A.D. Sakharov, Pisma Zh. Eksp. Teor. Fiz. 5, 32 (1967)
[JETP Lett. 5, 24 (1967)].
[6] O. Bertolami et al., Phys. Lett. B 395, 178 (1997);
J.M. Carmona, J.L. Corte´s, A. Das, J. Gamboa, and
F. Me´ndez, Mod. Phys. Lett. A 21, 883 (2006); E. Di
Grezia, S. Esposito, and G. Salesi, Europhys. Lett. 74,
747 (2006); S.M. Carroll and J. Shu, Phys. Rev. D 73,
103515 (2006).
[7] D0 Collaboration, V.M. Abazov et al., Phys. Rev. Lett.
97, 021802 (2006); CDF Collaboration, A. Abulencia et
al., Phys. Rev. Lett. 97, 242003 (2006).
[8] O.W. Greenberg, Phys. Rev. Lett. 89, 231602 (2002).
[9] D. Colladay and V.A. Kostelecky´, Phys. Rev. D 55, 6760
(1997); Phys. Rev. D 58 116002 (1998); V.A. Kostelecky´,
Phys. Rev. D 69, 105009 (2004).
[10] KTeV Collaboration, H. Nguyen, hep-ex/0112046.
[11] KLOE Collaboration, A. Di Domenico, J. Phys. Conf.
Ser. 171, 012008 (2009).
[12] FOCUS Collaboration, J.M. Link et al., Phys. Lett. B
556, 7 (2003).
[13] BaBar Collaboration, B. Aubert et al., Phys. Rev. Lett.
100, 131802 (2008); hep-ex/0607103.
[14] Data Tables for Lorentz and CPT Violation, V.A. Kost-
elecky´ and N. Russell, 2010 edition, arXiv:0801.0287v3.
[15] V.A. Kostelecky´, Phys. Rev. D 64, 076001 (2001).
[16] MINOS Collaboration, P. Adamson et al., Phys. Rev.
Lett. 101, 151601 (2008); Phys. Rev. Lett. 105,
151601 (2010); MiniBooNE Collaboration, T. Katori,
arXiv:1008.0906; LSND Collaboration, L.B. Auerbach et
al., Phys. Rev. D 72, 076004 (2005); V.A. Kostelecky´ and
M. Mewes, Phys. Rev. D 69, 016005 (2004); Phys. Rev.
D 70, 031902 (2004); Phys. Rev. D 70, 076002 (2004); T.
Katori et al., Phys. Rev. D 74, 105009 (2006); V. Barger,
D. Marfatia, and K. Whisnant, Phys. Lett. B 653, 267
(2007); J.S. Dı´az et al., Phys. Rev. D 80, 076007 (2009).
[17] V.A. Kostelecky´ and J.D. Tasson, Phys. Rev. Lett. 102,
010402 (2009); arXiv:1006.4106.
[18] Y. Grossman, Y. Nir, and G. Raz, Phys. Rev. Lett. 97,
151801 (2006).
[19] A. Lenz and U. Nierste, JEHP 0706, 072 (2007).
[20] P.K. Kabir, The CP Puzzle, Academic, New York, 1968;
J.F. Donoghue, E. Golowich, and B.R. Holstein, Dynam-
ics of the Standard Model, Cambridge University Press,
Cambridge, 1994.
[21] V.A. Kostelecky´, Phys. Rev. Lett. 80, 1818 (1998); Phys.
Rev. D 61, 016002 (2000).
[22] V.A. Kostelecky´ and M. Mewes, Phys. Rev. D 66, 056005
(2002).
[23] Particle Data Group, C. Amsler et al., Phys. Lett. B 667,
1 (2008); and 2009 partial update for the 2010 edition.
[24] E773 Collaboration, B. Schwingenheuer et al., Phys. Rev.
Lett. 74, 4376 (1995).
[25] LHCb Collaboration, R. Antunes Nobrega et al., LHCb
TDR 9, CERN/LHCC/2003-30 (2003).
